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(54) Method and apparatus for sensing relative position between two relatively rotatabie members 
using concentric rings 

(57) An apparatus for sensing the relative rotational 
position between a stator (28) and a rotor (32) in a vari- 
able reluctance motor (26) includes a transmitting ring 
(40) mounted to the rotor (32) and having a transmitting 
coil (46) mounted thereon. A receiving ring (42) is 
mounted to stator (46) and has a receiving coil (56) 
mounted thereon. The receiving coil includes three con- 
ductor patterns (56a, 56b, 56c) having the same shape, 
each of said conductor patterns being electrically insu- 
lated from each other, and each conductor pattern being 
offset from adjacent conductor patterns by 1 20 electrical 
degrees. A drive signal is coupled to the transmitting coil. 
The apparatus further includes a controller (76) for mon- 
itoring the outputs from the receiving coil patterns and 
for determining the relative rotation between the rotor 
and the stator from the monitored outputs. The receiving 
coil patterns are each arranged in a circumferentially var- 
ying square wave pattern. 
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Descri pti on Summary of the Invention 



CROSS-REFERENCE TO RELATED APPLICATION 

This application is a continuation-in-part of U.S. 
Serial No. 07/893, 090 filed June 3. 1992, to Persson enti- 
tled "METHOD AND APPARATUS FOR SENSING REL- 
ATIVE POSITION BETWEEN TWO RELATIVELY 
ROTATABLE MEMBERS" and assigned to TRW Inc. 

Technical Field 

The present invention is directed to a method and appa- 
ratus for sensing the relative rotational position between 
two relatively rotatable members. The invention has par- 
ticular use for sensing the relative position between a 
rotor and stator in a variable reluctance motor of an elec- 
tric assist steering system for vehicles. 

Background of the Invention 

There are many known power assist steering sys- 
tems for automotive vehicles. Some provide steering 
assist by using hydraulic power and others by using elec- 
tric power. 

Electric assist steering systems include an electric 
motor drivably connected to the steerable vehicle 
wheels. When energized, the electric motor assists the 
steering movement of the steerable wheels. The electric 
assist motor is controlled in response to steering torque 
applied to the steering wheel. 

Known electric steering systems typically include a 
D.C. permanent magnet electric assist motor electrically 
energized through an H-bridge drive circuit. It is desira- 
ble to, instead, use a variable reluctance motor for an 
electric assist steering system because of its smaller 
size and larger torque-to-inertia ratio. Proper commuta- 
tion of a variable reluctance motor requires a "knowl- 
edge" of the motor's rotor position relative to the stator. 

Rotor position sensors for electric motors are known 
in the art. For example, U.S. Patent No. 2,650,352 to 
Childs is directed to a system for measuring the motion 
between two relatively movable members (i.e., rotor and 
stator). The system comprises a rotor and a stator both 
made of a non-magnetic material to avoid magnetic cou- 
pling errors that arise in any ferromagnetic structure. In 
one embodiment, a conductor is threaded back and forth 
through accurately spaced slots around the periphery of 
the rotor, and likewise for the stator. The conductor pat- 
terns on both the rotor and stator form a plurality of series 
connected conductor bars disposed transverse to the 
direction of movement of the rotor. A radio frequency cur- 
rent is applied to the terminals of the conductor on the 
stator The radio frequency current in the stator conduc- 
tor induces a signal in the rotor conductor. The magni- 
tude of the induced signal in the rotor conductor is a 
function of the relative position between the rotor and the 
stator. In this way, the system measures the relative posi- 
tion between the rotor and the stator. 



The present invention provides a method and appa- 
ratus for sensing the relative rotational position between 

s two relatively rotatable members and, in particular, 
between the rotor and stator of a variable reluctance, 
electric assist steering motor. 

In accordance with one embodiment of the present 
invention, an apparatus is provided for sensing the reia- 

io tive rotational position between first and second rela- 
tively rotatable members. The apparatus comprises a 
transmitting ring being mountable to the first member. 
The transmitting ring has a transmitting coil mounted 
thereon and arranged in a circumferentially varying sinu- 

is soidal pattern. The apparatus further comprises a 
receiving ring being mountable to the second member. 
The receiving ring has a receiving coil mounted thereon 
and arranged in a pattern so as to receive a signal from 
the transmitting ring and output a signal indicative of the 

20 relative rotational position between the first and second 
members. 

In accordance with a preferred embodiment of the 
present invention, an apparatus is provided for sensing 
the relative rotational position between a stator and a 

25 rotor in a variable reluctance motor. The apparatus com- 
prises a transmitting ring mounted to the rotor and having 
a transmitting coil mounted thereon. A receiving ring is 
mounted to stator and has a receiving coil mounted ther- 
eon. The receiving coil includes three conductor patterns 

30 having the same shape, each of the conductor patterns 
being electrically insulated from each other, and each 
conductor pattern being offset from adjacent conductor 
patterns by 120 electrical degrees. Means are provided 
for generating a drive signal and coupling the drive signal 

35 to the transmitting coil. The apparatus further includes 
means for monitoring the outputs from the receiving coil 
patterns and for determining the relative rotation 
between the rotor and the stator from the monitored out- 
puts. The receiving coil patterns are each arranged in a 

40 circumferentially varying square wave pattern. The 
transmitting coil is a circumferentially varying sinusoidal 
wave pattern that extends around the entire circumfer- 
ence of said transmitting ring and the receiving coil pat- 
terns extends around the entire circumference of said 

45 receiving ring. 

In accordance with another embodiment of the 
present invention, a method for sensing the relative rota- 
tional position between first and second relatively rotat- 
able members, comprising the steps of (a) providing a 

so transmitting ring; (b) securing a transmitting coil to the 
transmitting ring in a circumferentially varying sinusoidal 
pattern; (c) mounting the transmitting ring to one of the 
first and second members; (d) providing a receiving ring; 
(e) securing a receiving coil to the receiving ring in a pat- 

55 tern so as to receive a signal from the transmitting ring 
and output a signal indicative of the relative rotational 
position of the first and second members; and (f) mount- 
ing the receiving ring to the other of the first and second 
members. 
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Brief Description of the Drawings 

Other features and advantages of the present inven- 
tion will become apparent to those skilled in the art to 
which the present invention relates from reading the fol- s 
lowing detailed description with reference to the accom- 
panying drawings, in which: 

Fig. 1 is a schematic block diagram illustrating a 
power assist steering system having a rotor position 10 
sensor made in accordance with the present inven- 
tion; 

Fig. 2 is a cross-sectional view of the variable reluc- 
tance electric assist motor shown in Fig. 1 ; 
Fig. 3 is an exploded oblique view of a transmitting is 
ring and receiving ring of the rotor position sensor 
shown in Fig. 1 ; 

Fig. 4 is a side sectional view of a portion of the rotor 
position sensor shown in Fig. 1 ; 

Fig. 5 is an oblique view of the transmitting ring 20 
shown in Fig. 3 with the electrical conductor pattern 
thereon; 

Figs. 6A-6G are graphical representations of con- 
ductor patterns for both the transmitting and receiv- 
ing rings relative to mechanical and electrical degree 2s 
scales for the rotor position sensor shown in Fig. 1 ; 
Fig. 7 is an alternative embodiment of a transmitting 
ring in accordance with the present invention; 
Fig. 8 is a schematic circuit diagram for the rotor 
position sensor shown in Fig. 1 ; and 30 
Fig. 9 is a circuit schematic of the power switch 
shown in Fig. 1 . 

Pescription pf preferred Embodiment 

35 

Referring to Fig. 1, a power assist steering system 
10 includes a steering wheel 12 operatively connected 
to a pinion gear 14. Specifically, the vehicle steering 
wheel 1 2 is connected to an input shaft 1 6 and the pinion 
gear 14 is connected to an output shaft 17. The input 40 
shaft 16 is operatively coupled to the output shaft 17 
through a torsion bar 18. The torsion bar 18 twists in 
response to applied steering torque thereby permitting 
relative rotation between the input shaft 16 and the out- 
put shaft 17. Stops, not shown, limit the amount of such 45 
relative rotation between the input and output shafts in a 
manner well known in the art 

The pinion gear 1 4 has helical teeth which are mesh- 
ingly engaged with straight cut teeth on a rack or linear 
steering member 20. The pinion gear in combination with so 
the straight cut gear teeth on the rack member form a 
rack and pinion gear set. The rack 20 is steerably cou- 
pled to the vehicle's steerable wheels 22, 24 with steer- 
ing linkage in a known manner. When the steering wheel 
12 is turned, the rack and pinion gear set converts the ss 
rotary motion of the steering wheel into linear motion of 
the rack. When the rack moves linearly, the steerable 
wheels 22, 24 pivot about their associated steering axes 
and the vehicle is steered. 



An electric assist, variable reluctance motor 26 is 
drivingly connected to the rack 20. When the motor 26 
is energized, it provides power assist steering so as to 
aid in the rotation of the vehicle steering wheel by the 
vehicle operator and, in turn, turning of the steerable 
wheels 22, 24. A variable reluctance motor is desirable 
for use in an electric assist steering system because of 
its small size, low friction, and its high torque-to-inertia 
ratio. x 

Fig. 2 is a cross-sectional view of a variable reluc- 
tance motor in accordance with a preferred embodiment 
of the present invention. The variable reluctance motor 
26 includes a stator 28 with eight stator poles 30 and a 
rotor 32 with six rotor poles 34. Each stator pole 30 has 
an associated stator coil (not shown). The stator poles 
are arranged so as to be energized in pairs designated 
Aa, Bb, Cc, and Dd thereby resulting in four stator pole 
pairs and six rotor poles 34. The motor 26 is mounted in 
a motor housing 36 so that the stator 28 is fixed relative 
to the housing 36. 

The principle of operation of a variable reluctance 
motor is well known in the art. Basically, the stator poles 
are energized in pairs. Specifically, a current is provided 
to the stator coils associated with a given pair of stator 
poles. The rotor moves so as to minimize the reluctance 
between the stator poles and the rotor poles. Minimum 
reluctance occurs when a pair of rotor poles are aligned 
with the energized stator poles. Once minimum reluc- 
tance is achieved, i.e., when the rotor poles align with 
the energized stator poles, those energized stator poles 
are de-energized and an adjacent pair of stator poles are 
energized. The direction of motor rotation is controlled 
by the sequence in which the stator poles are energized. 
The torque produced by the motor is controlled by the 
current through the energized stator coils. A preferred 
manner for controlling a variable reluctance motor in an 
electric assist steering system is fully disclosed in U.S. 
Patent No. 5.257,828, to Miller et al, entitled "METHOD 
AND APPARATUS FOR CONTROLLING DAMPING IN 
AN ELECTRIC ASSIST STEERING SYSTEM FOR 
VEHICLE YAW RATE CONTROL," assigned to TRW 
Inc., which is hereby fully incorporated herein by refer- 
ence. 

A rotor position sensor 38, made in accordance with 
the present invention, is operatively connected between 
the motor rotor 32 and to the motor stator 28 or housing 
36. The stator 28 and motor housing 36 are relatively 
stationary. The function of the rotor position sensor 38 is 
to provide an electrical signal indicative of the position of 
the rotor 32 relative to the motor stator 28. For proper 
operation of the variable reluctance motor 26, including 
direction of rotation and applied torque, it is necessary 
to know the position of the rotor 32 relative to the stator 
28. 

Referring to Figs. 3-5, the rotor position sensor 38, 
made in accordance with the present invention, includes 
a transmitting ring 40 and a receiving ring 42. The rings 
shown in Fig. 3 are axially offset for clarity. In their assem- 
bled position, shown in Fig. 4, the rings are mounted so 
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as to be concentric (nested) about a common axis 43. 
The rings 40. 42 are preferably made from a magnetically 
permeable material that will support magnetic flux in the 
200 kHz frequency range. The permeability of such 
material preferably exceeds 10 at this frequency. Mag- s 
netically permeable materials that exhibit such charac- 
teristics include powdered iron, soft ferrttes, and ferrite 
filled plastic. The magnetically permeable material pro- 
vides a return path for the magnetic circuits associated 
with the transmitting and receiving rings. In addition, the w 
magnetically permeable material provides filtering of 
EMF interference from outside sources, and even from 
the operation of the motor itself. 

The transmitting ring 40 has an outer diameter d1. 
The receiving ring 42 has an inner diameter d2. The is 
diameter d1 is less than the diameter d2 so that a rela- 
tively small air gap exists between the two rings when 
they are assembled in their concentric or nested 
arrangement. 

The transmitting ring 40 is coaxial I y secured to the 20 
rotor 32. The transmitting ring 40 has two sinusoidal 
grooves 39a and 39b cut in its outer surface 41 . The sinu- 
soidal grooves 39a and 39b are 180 electrical degrees 
out of phase. The orientation of the grooves 39a and 39b 
are referred to as being a circumf erentially varying sinu- 25 
soidal pattern. 

A transmitting coil 44 is disposed in the grooves 39a 
and 39b around the entire circumference of the ring 40. 
The transmitting coil 44 comprises two conductive elec- 
trical tracks 46a and 46b being disposed in the grooves 30 
39a and 39b, respectively. The conductive electrical 
tracks 46a and 46b are electrically insulated from each 
other and from the ring 40. Preferably, the depth of the 
grooves 39a and 39b and the dimension of the conduc- 
tors 46a and 46b are such that, once assembled, the 3S 
conductors 46a and 46b are flush with the outer surface 
41. Each conductive electrical track 46a and 46b is 
arranged in a circumferentially varying sinusoidal pat- 
tern, with a 1 80° relative offset between the two patterns. 
The sinusoidal patterns of the conductive electrical 40 
tracks 46a and 46b can be expressed by the following 
equations: 

C 46a = Dsin(6a) 

45 

C 4Gb = 0s/n(6a+18O) 

where C equals the axial position of the pattern along a 
circumferential reference axis 48, D equals the peak 
value of the distance of the pattern from the circumfer- so 
ential reference axis 48, and a equals the mechanical 
angle in degrees. The number six is the spatial frequency 
of the patterns, with each pattern undergoing a 360° 
phase change every sixty mechanical degrees. The pat- 
terns repeat every sixty mechanical degrees, corre- ss 
sponding to the number of rotor poles 34 of the motor 26. 

Figs. 6A and 6B depict a scale of mechanical 
degrees of the ring 40 and a scale of electrical degrees 
of the ring 40, respectively. Fig. 6C illustrates the sinu- 



soidal patterns of the conductive electrical tracks 46a 
and 46b. The two conductive electrical tracks 46a and 
46b have first connection terminals 50 and 52, respec- 
tively. A common connection terminal 54 joins the other 
connection terminal of the tracks. As a result, the instan- 
taneous current in conductive electrical track 46a is in a 
direction opposite to that in track 46b. The effect of the 
two circumferentially varying sinusoidal patterns is a well 
defined instantaneous magnetic flux pattern of alternat- 
ing positive and negative potentials in the respective 
areas bounded by the two conductor patterns. 

In accordance with one embodiment of the present 
invention, the transmitting ring 40 is made from a pow- 
dered iron toroid. The two grooves 39a and 39b are 
machined in the outer surface 41 of the toroid to form the 
sinusoidal patterns previously described. A wire is laid 
in each of the grooves to form the conductive electrical 
tracks 46a and 46b. The grooves 39a and 39b are slightly 
tapered in an inward radial direction to hold the wires 
therein. In addition, an adhesive is applied to secure the 
wires in place. One of the groove depths is greater than 
the other to avoid pressure at the intersection points of 
the two wires. In this embodiment, it is desirable to keep 
the wires as close to the surface of the ring 40 as possible 
to assure a well-defined magnetic pattern is transmitted. 

In accordance with an alternative embodiment of the 
present invention, the transmitting ring 40 includes con- 
ductors 46a and 46b secured to the outer surface 41 of 
the ring 40 in the sinusoidal pattern through electroplat- 
ing, plasma deposition, sputtering methods, or other sim- 
ilar techniques known to those skilled in the art. The 
deposition of the conductors in this embodiment must be 
done sequentially. An insulating layer must first be 
deposited on the ring 40, followed by one of the sinusoi- 
dal conductor patterns, then a second insulating layer, 
and finally the second sinusoidal conductor pattern. 
Alternatively, a single layer deposition can be used if an 
insulated bridge is provided for one of the sinusoidal con- 
ductors at each of the intersections or cross over loca- 
tions between the two conductors. 

Another alternative embodiment of the transmitting 
ring 40 utilizes a two layer flexible linear circuit. The sinu- 
soidal pattern is created on a two layer flexible linear cir- 
cuit board having a mean length which fits around the 
circumference of the ring 40. The flexible linear circuit is 
then bonded to the outer surface 41 of the ring 40 using 
adhesive methods known to those skilled in the art. 

Yet, another alternative embodiment of the transmit- 
ting ring 40 is shown in Fig. 7. In this embodiment, a 
transmitting ring 40' is made of a moldable soft ferrite 
material with a plurality of radially raised, foot-ball 
shaped, lands or bobbins 50. The radially raised bobbins 
50 form a border for sinusoidal patterns similar to the pat- 
terns described above. Each radially raised bobbin 50 is 
referred to as a pole. An insulated wire 52 is wound 
around the poles in a first direction, following a sine pat- 
tern, around the entire circumference of the ring 40'. The 
insulated wire is then wound around the poles in the 
other direction following a 1 80° shifted sine pattern to the 
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original starting terminal. The number of windings of the 
insulated wire may be repeated to yield an increased 
turns ratio. The outer diameter d3 of the raised pole ring 
40' must be less than the inner diameter d2 of a receiving 
ring 42 to insure an air gap between the transmitting ring 5 
and the receiving ring. 

There are several benefits that result from the Fig. 
7 embodiment of the transmitter ring 40'. First the raised 
pole design allows for manufacture through low cost 
molding techniques, and is readily producible in large 10 
volumes. The raised poles also allow for the use of con- 
ventional winding techniques in mounting the wire on the 
transmitter ring 40', resulting in further cost advantages. 
Finally, the raised poles provide a magnetically focused 
field area and, therefore, improve the efficiency of the is 
transmitting ring 40'. 

The receiving ring 42 is mounted to the motor stator 
28 and, in turn, housing 36 in a coaxial relationship with 
the transmitting ring 40 so that the transmitting ring 40 
is nested inside of the receiving ring 42. The radial prax- 20 
imity of the ring 40 and ring 42 provides electromagnetic 
coupling therebetween so as to form a rotary transformer 
57. 

The receiving ring 42 has a plurality of parallel con- 
ductive tracks 53 cut into its inner surface 54. A plurality 25 
of receiving coils 55 are wound in these tracks. Specifi- 
cally, the receiving coils 55, in accordance with one 
embodiment of the present invention, comprises three 
sets of coils each of which are wound in associated 
tracks 56a, 56b, and 56c with each of the coils being insu- 30 
iated from one another and from the ring 42. 

Each of the conductive electrical tracks 56a, 56b, 
and 56c is arranged in a circumferentially varying square 
wave pattern, separated from each of the other patterns 
by thirds so as to be offset by 120° electrical degrees 35 
(20° mechanical) from the other two patterns. Every sixty 
mechanical degrees, the patterns repeat. 

Referring to Figs. 6D, 6E, and 6F, the outputs of each 
of the coils 56a, 56b, and 56c are depicted. These coils 
form square wave patterns of the conductive electrical 40 
tracks 56a. 56b, 56c, respectively. The conductive elec- 
trical track 56a has a connection terminal 58. The con- 
ductive electrical tracks 56b and 56c have, respectively, 
connection terminals 60 and 62. The conductive electri- 
cal tracks 56a, 56b, and 56c have a common connection 45 
terminal 64. 

The slots 53 are circumferentially narrow and radi- 
ally shallow to assure a sharp delineation of the magnetic 
field transmitted by the transmitting ring 40. There are 
thirty-six circumferentially equidistant slots, that is, one so 
slot every 10°. In a preferred embodiment, the coils 56a, 
56b, and 56c are each made with wire positioned in the 
slots 53 with a wire being placed in every third slot The 
wire for coil 56a is placed in one slot 56a, runs along the 
edge of ring 42 until it reaches the next slot 56a where it ss 
runs up that next slot. The wire 56a. in effect, forms a 
square wave pattern in slots 56a around the entire cir- 
cumference of ring 42. The same is true for 56b and 56c 



in their associated slots. The wires in the slots relative to 
the transmitter windings is shown in Figs 6D-6R 

If a higher received signal strength is desired, the 
wire pattern shown in Fig. 6G can be used for each of 
the tracks. The dotted line corresponds to a return wire 
and effectively increases the turns ratio of the coil formed 
by the wire, thereby increasing the strength of the signal 
received by that coil. 

Referring to Fig. 4. the signal from the receiving coils 
56 is accessible though stationary contacts 58, 60. 62 
since the receiving ring 42 is secured to the stator 36. 
Since the transmitting ring 40 is secured to the rotor 32, 
the coil 46 is energized through a rotary transformer 
arrangement 66 (as shown in Fig. 8). A primary coil 68 
is secured to the stator 28 (housing 36) and is electrically 
connected through terminals 67, 69. A secondary coil 74 
is secured to the rotor 32 and is electrically connected 
to the transmitting coil 46 through terminals 50, 52 (Fig. 
8). The primary coil 68 and secondary coil 74 are in suf- 
ficiently close proximity to each other so as to form a 
rotary transformer. 

Referring to Fig. 8, the primary coil 68 is electrically 
connected to a signal generator 70 through a primary 
drive circuit 72. The drive signal applied to the rotary 
transformer 66 is a sinusoidal drive signal. The transmit- 
ting coil 44 of the transmitting ring 40 is driven with the 
200 kHz sinusoidal drive signal from the primary drive 
circuit 72. The receiving coil 56 outputs a sinusoidal sig- 
nal in response to the electromagnetic field transmitted 
by the transmitting coil 46. Specifically, the conductive 
electrical tracks 56a, 56b, 56c will each output a sinusoi- 
dal signal. In other words, each of the conductive elec- 
trical tracks 56a 56b, and 56c is itself a receiving coil. 
The sinusoidal signals from the receiving coils are elec- 
tro-mechanically offset from each other by 120 electrical 
degrees. The output signal from the receiving coils can 
be expressed as: 

V1= v sin(o>f)sin(a+0) 

V2= v sin(o>r)sin(a+120) 

V3= v sin(cor)sin(a+240) 

where a> is the drive circuit frequency, a is the shaft angle 
in electro-mechanical degrees, t is the present time. The 
equations represent the value of the voltage present 
across the associated coil. The voltage V1 is the voltage 
across the coil formed by conductive electrical track 56a, 
and V2 and V3 are the voltages across the coils formed 
by the electrical tracks 56b and 56c, respectively. 

The output of each receiving coil 56 goes through 
six cycles (360 electrical degrees) for each 360 mechan- 
ical degrees of relative rotation between the transmitting 
ring 40 and the receiving ring 42, or, equivalents, 
between the rotor 32 and the stator 28. If the output of 
each receiving coil were to be observed, the output volt- 
age amplitudes would follow a sine wave pattern and end 
at its starting terminal each 1/6th of a relative rotation 
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between the stator 28 and the rotor 32. Therefore, the 
voltage at the oulput of each receiving coil goes through 
360 electrical degrees for each 60 degrees of mechani- 
cal rotation between the rotor 32 and the stator 28. 

The equations for V1. V2, and V3 provide three 
equations with three unknowns. As the transmitting ring 
40 rotates relative to the receiving ring 42. such as 
occurs when the rotor 32 moves relative to the stator 28 
the values output from the three receiving coils vary. A 
controller 76 monitors the values output by each of the 
receiving coils 56. The controller 76 is preferably a micro- 
processor or microcomputer. At any instant in time t the 
controller 76 can measure the value of the voltage 
present attheoutouts of the receiving coils and solve the 
equations for a. The solution of the equations for a rep- 
resents the rotary position of the motor rotor 32 relative 
to the stator 28 or to the motor housing 36. Knowing the 
position of the rotor 32 relative to the stator 28 permits 
the controller 76 to control commutation of the motor 26. 

Referring back to Fig. 1 . a shaft position sensor 78 
is operatively connected across the input shaft 16 and 
the output shaft 1 7 and provides an electrical signal hav- 
ing a value indicative of the relative rotational position 
between the input shaft 16 and the output shaft 17. The 
shaft position sensor 78 in combination with the torsion 
bar 1 8 form a torque sensor 80. The oulput of the torque 
sensor 80 is indicative of the applied steering torque to 
the vehide steering wheel 1 2 by the vehicle operator. 

The output of the torque sensor 80 is connected to 
the controller 76. The controller 76 processes the torque 
signal provided by the torque sensor 80. and determines, 
in one of the many methods known in the art. a torque 
command value therefrom. Preferably, the torque com- 
mand signal is determined in accordance with the proc- 
ess described in the above-incorporated U.S. Patent No. 
5 257 828 to Miller et al. The torque command value 
determines the amount of torque to be generated by the 
motor 26. From the torque command value and the posi- 
tion of the rotor 32 of the motor 26. the controller 76 con- 
trols the energization of the motor 26 in terms of 
sequence and current applied to the stator coils through 
a power drive switches 82. 

A typical power switch 82 for the pair of stator coils 
Aa is shown in Fig. 9. A main drive switch 84 is opera- 
tively connected between one side of the stator coil and 
electrical ground. The other side of the coil pair Aa is con- 
nected to the vehicle battery through a f ilter network 86. 
Current control is accomplished by the controller 76 
pulse-width-modulating ("PWM") the main drive switch 
84 The controller 76 further controls switching of a 
switch 88 which is connected in parallel with the stator 
coil pair through a series connected diode 90. The switch 
88 provides a return of energy when the coil pair Aa is 
deenergized. Zener diode 92 provides a current return 
path. Those skilled in the art will appreciate that other 
drive circuits may be used. 

Commutation or drive pulses from the controller 76 
may need to be output to the stator windings at a rate 
taster than the motor position data can be processed 



from the sensor 38 to insure smooth operation of the var- 
iable reluctance motor. To solve this problem, it is pref- 
erable that the position of the rotor 32 be estimated at 
predetermined times between actual rotor position 
5 measurements based upon certain known conditions 
and certain assumptions. Rotor position estimation is 
described in an IEEE paper entitled "A Simple Motion 
Estimator For VR Motors" by W.D. Harris and J.H. Lang, 
IEEE Industry Applications Society Annual Meeting. 
„ October 1988 and in a paper entitled "A State Observer 
for Variable Reluctance Motors: Analysis and Expen- 
ments" by A Lumsdaine. J.H. Lang, and M.J. Balas. 19th 
ASILOMAR Conference on Circuits. Systems & Comput- 
ers. November 6-8. 1985. both papers being incorpo- 
J5 rated herein by reference. 

It should be noted that the objects and advantages 
of the invention may be attained by means of any com- 
patible combinations) particularly pointed out in the 
items of the following summary of the invention and the 
20 appended claims. 



Ql I MMARY OF T H F INVENTION 

1 An apparatus for sensing the relative rotational 
25 positionbetweenfirstand second relatively rotatable 
members, comprising: 

a transmitting ring being mountable to said 
first member, said transmitting ring having a trans- 
mitting coil mounted thereon and arranged in a cir- 
so cumferentially varying sinusoidal pattern; and 

a receiving ring being mountable to said sec- 
ond member so that said transmitting ring and said 
receiving ring are concentric, said receiving ring 
having a receiving coil mounted thereon and 
as arranged in a pattern so as to receive a signal from 
said transmitting ring and output a signal indicative 
of the relative rotational position between said first 
and second members. 

40 2 The apparatus wherein said receiving coil is 
arranged in a circumferentially varying square wave 
pattern. 

3. The apparatus wherein said receiving coil 
45 includes three conductor patterns, each of the pat- 
terns being electrically insulated from each other 
pattern. 

4 The apparatus wherein each conductor pattern is 
so offset from an adjacent pattern by 120 electrical 
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5 The apparatus further including a rotary coupling 
transformer operatively mounted between a station- 
ary member and said f irst member, said f irst mem- 
ber rotating relative to said stationary member, a 
primary coil of said rotary coupling transformer 
being electrically connectable to a sinusoidal drive 
signal, a secondary coil of said rotary coupling trans- 
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former being electrically connected to said transmit- 
ting coil for providing a drive signal to said 
transmitting coil. 

6. The apparatus wherein said transmitting coil s 
extends around the entire circumference of said 
transmitting ring. 

7. The apparatus wherein said transmitting ring 
includes two separate layers of conductor patterns, w 
each pattern being arranged in the form of a circum- 
ferentially varying sinusoid, with the two patterns 
electrically insulated from each other and offset from 
each other by 180 electrical degrees. 

75 

8. The apparatus wherein said transmitting ring and 
said receiving ring are made from a material having 
a magnetic permeability greater than one. 

9. The apparatus wherein said transmitting ring has 20 
a machined groove in the form of said circumferen- 
tially varying sinusoidal pattern with said transmit- 
ting coil mounted in said machined groove. 

10. The apparatus wherein said transmitting ring has 25 
a plurality of radially extending poles in the form of 
said circumferentially varying sinusoidal pattern with 
said transmitting coil wound around said radially 
extending poles. 

30 

11. The apparatus wherein said transmitting coil 
arranged in a circumferentially varying sinusoidal 
pattern is formed on a flexible linear circuit, said flex- 
ible linear circuit being mounted to said transmitting 
ring. 35 

12. An apparatus for sensing the relative rotational 
position between a stator and a rotor in a variable 
reluctance motor, comprising: 

a transmitting ring mounted so as to be sta- 40 
tionary relative to one of said stator and rotor, said 
transmitting ring having a transmitting coil mounted 
thereon and arranged in a circumferentially varying 
sinusoidal pattern; and 

a receiving ring mounted so as to be station- 45 
ary relative to the other of said stator and rotor so 
that said transmitting ring and said receiving ring are 
concentric, said receiving ring having a receiving coil 
mounted thereon and arranged in a pattern so as to 
receive a signal from said transmitting ring and out- so 
put a signal indicative of the relative rotational posi- 
tion of said stator and rotor. 

13. The apparatus wherein said receiving coil is 
arranged in a circumferentially varying square wave ss 
pattern. 

14. The apparatus wherein said receiving coil 
includes three conductor patterns, each of the pat- 



terns being electrically insulated from each other 
pattern. 

15. The apparatus wherein each conductor pattern 
is offset from an adjacent pattern by 120 electrical 
degrees. 

16. The apparatus wherein said transmitting ring is 
secured to said rotor and wherein said apparatus 
further includes a rotary coupling transformer oper- 
atively mounted between said stator and said rotor, 
a primary coil of said rotary coupling transformer 
being electrically connectable to a sinusoidal drive 
signal, a secondary coil of said rotary coupling trans- 
former being electrically connected to said transmit- 
ting coil for providing a drive signal to said 
transmitting coil. 

17. The apparatus wherein said transmitting coil 
extends around the entire circumference of said 
transmitting ring. 

18. The apparatus wherein said transmitting ring 
includes two separate layers of conductor patterns, 
each pattern being arranged in the form of a circum- 
ferentially varying sinusoid, with the two patterns 
electrically insulated from each other and offset from 
each other by 180 electrical degrees. 

19. A method for sensing the relative rotational posi- 
tion between first and second relatively rotatable 
members, comprising the steps of: 

(a) providing a transmitting ring; 

(b) securing a transmitting coil to said transmit- 
ting ring in a circumferentially varying sinusoidal 
pattern; 

(c) mounting said transmitting ring to one of said 
first and second members; 

(d) providing a receiving ring; 

(e) securing a receiving coil to said receiving 
ring in a pattern so as to receive a signal from 
said transmitting ring and output a signal indic- 
ative of the relative rotational position of said 
first and second members; and 

(f) mounting said receiving ring to the other of 
said first and second members. 

20. The method wherein said step of securing said 
receiving coil to said receiving ring includes securing 
three conductor patterns and electrically insulating 
each conductor pattern from adjacent conductor 
patterns, and securing said conductor patterns to 
said receiving ring so that the patterns are electri- 
cally offset from each other by 120°. 

21 . A method for sensing the relative rotational posi- 
tion between a stator and a rotor in a variable reluc- 
tance motor, comprising the steps of: 
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(a) providing a transmitting ring; 

(b) securing a transmitting coil to said transmit- 
ting ring in a circumf erentially varying sinusoidal 
pattern; 

(c) mounting said transmitting ring to one of said s 
stator and rotor; 

(d) providing a receiving ring; 

(e) securing a receiving coil to said receiving 
ring in a pattern so as to receive a signal from 
said transmitting ring and output a signal indie- 10 
ative of the relative rotational position of said 
stator and rotor; and 

(f) mounting said receiving ring to the other of 
said stator and rotor. 

15 

Claims 

1. An apparatus for sensing the relative rotational posi- 
tion between first and second relatively rotatable 
members, comprising: 20 

a transmitting ring being mountable to said' 
first member, said transmitting ring having a trans- 
mitting coil mounted thereon and arranged in a cir- 
cumf erentially varying sinusoidal pattern; and 

a receiving ring being mountable to said sec- 25 
ond member so that said transmitting ring and said 
receiving ring are concentric, said receiving ring 
having a receiving coil mounted thereon and 
arranged in a pattern so as to receive a signal from 
said transmitting ring and output a signal indicative 30 
of the relative rotational position between said first 
and second members. 

2. The apparatus of claim 1 wherein said receiving coil 

is arranged in a circumferentially varying square 35 
wave pattern, wherein preferably said receiving coil 
includes three conductor patterns, each of the pat- 
terns being electrically insulated from each other 
pattern, and wherein preferably each conductor pat- 
tern is offset from an adjacent pattern by 120 elec- 40 
trical degrees. 

3. The apparatus of claim 1 further including a rotary 
coupling transformer operatively mounted between 

a stationary member and said first member, said first 45 
member rotating relative to said stationary member, 
a primary coil of said rotary coupling transformer 
being electrically connectabie to a sinusoidal drive 
signal, a secondary coil of said rotary coupling trans- 
former being electrically connected to said transmit- so 
ting coil for providing a drive signal to said 
transmitting coil, wherein preferably said transmit- 
ting coil extends around the entire circumference of 
said transmitting ring. 

55 

4. The apparatus of claim 1 wherein said transmitting 
ring includes two separate layers of conductor pat- 
terns, each pattern being arranged in the form of a 
circumferentially varying sinusoid, with the two pat- 



terns electrically insulated from each other and off- 
set from each other by 180 electrical degrees, 
wherein preferably said transmitting ring and said 
receiving ring are made from a material having a 
magnetic permeability greater than one, wherein 
preferably said transmitting ring has a machined 
groove in the form of said circumferentially varying 
sinusoidal pattern with said transmitting coil 
mounted in said machined groove, wherein prefera- 
bly said transmitting ring has a plurality of radially 
extending poles in the form of said circumferentially 
varying sinusoidal pattern with said transmitting coil 
wound around said radially extending poles, and 
wherein preferably said transmitting coil arranged in 
a circumferentially varying sinusoidal pattern is 
formed on a flexible linear circuit, said flexible linear 
circuit being mounted to said transmitting ring. 

5. An apparatus for sensing the relative rotational posi- 
tion between a stator and a rotor in a variable reluc- 
tance motor, comprising: 

a transmitting ring mounted so as to be sta- 
tionary relative to one of said stator and rotor, said 
transmitting ring having a transmitting coil mounted 
thereon and arranged in a circumferentially varying 
sinusoidal pattern; and 

a receiving ring mounted so as to be station- 
ary relative to the other of said stator and rotor so 
that said transmitting ring and said receiving ring are 
concentric, said receiving ring having a receiving coil 
mounted thereon and arranged in a pattern so as to 
receive a signal from said transmitting ring and out- 
put a signal indicative of the relative rotational posi- 
tion of said stator and rotor. 

6. The apparatus of claim 5 wherein said receiving coil 
is arranged in a circumferentially varying square 
wave pattern, wherein preferably said receiving coil 
includes three conductor patterns, each of the pat- 
terns being electrically insulated from each other 
pattern, wherein preferably each conductor pattern 
is offset from an adjacent pattern by 120 electrical 
degrees, wherein preferably said transmitting ring is 
secured to said rotor and wherein said apparatus 
further includes a rotary coupling transformer oper- 
atively mounted between said stator and said rotor, 
a primary coil of said rotary coupling transformer 
being electrically connectabie to a sinusoidal drive 
signal, a secondary coil of said rotary coupling trans- 
former being electrically connected to said transmit- 
ting coil for providing a drive signal to said 
transmitting coil, wherein preferably said transmit- 
ting coil extends around the entire circumference of 
said transmitting ring, and wherein preferably said 
transmitting ring includes two separate layers of con- 
ductor patterns, each pattern being arranged in the 
form of a circumferentially varying sinusoid, with the 
two patterns electrically insulated from each other 
and offset from each other by 1 80 electrical degrees. 
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7. A method for sensing the relative rotational position 
between first and second relatively rotatable mem- 
bers, comprising the steps of: 

(a) providing a transmitting ring; s 

(b) securing a transmitting coil to said transmit- 
ting ring in a circumferentia(ly varying sinusoidal 
pattern; 

(c) mounting said transmitting ring to one of said 

f irst and second members; 10 

(d) providing a receiving ring; 

(e) securing a receiving coil to said receiving 
ring in a pattern so as to receive a signal from 
said transmitting ring and output a signal indic- 
ative of the relative rotational position of said is 
first and second members; and 

(f) mounting said receiving ring to the other of 
said first and second members. 

8. The method of claim 7 wherein said step of securing 20 
said receiving coil to said receiving ring includes 
securing three conductor patterns and electrically 
insulating each conductor pattern from adjacent 
conductor patterns, and securing said conductor 
patterns to said receiving ring so that the patterns 2s 
are electrically offset from each other by 120°. 

9. A method for sensing the relative rotational position 
between a stator and a rotor in a variable reluctance 
motor, comprising the steps of: 30 

(a) providing a transmitting ring; 

(b) securing a transmitting coil to said transmit- 
ting ring in a circumf erentially varying sinusoidal 
pattern; 

(c) mounting said transmitting ring to one of said 
stator and rotor; 

(d) providing a receiving ring; 

(e) securing a receiving coil to said receiving 
ring in a pattern so as to receive a signal from 
said transmitting ring and output a signal indic- 
ative of the relative rotational position of said 
stator and rotor; and 

(f) mounting said receiving ring to the other of 
said stator and rotor. 

1 0. An apparatus for sensing the relative rotational posi- 
tion between first and second relatively rotatable 
members, comprising: 

a transmitting coil and so 
a receiving coil. 
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